Bacterial endospores are highly resistant structures and dipicolinic acid is a key component of their resilience and stability. Due to the difficulty in controlling endospore contaminants, they are of interest in clean rooms, food processing, and production industries, while benefical endospore-formers are sought for potential utility. Dipicolinic acid production has traditionally been recognized in Bacilli, Clostridia, and Paenibacilli. Here, sixty-seven strains of aerobic and anaerobic endospore-forming bacteria belonging to the genera Bacillus, Brevibacillus, Clostridium, Fontibacillus, Lysinibacillus, Paenibacillus, Rummeliibacillus, and Terribacillus were grown axenically and sporulated biomasses were assayed for dipicolinic acid production using fluorimetric detection. Strains testing positive were sequenced and the genomes analyzed to identify dipicolinic acid biosynthesis genes. The well-characterized biosynthesis pathway was conserved in 59 strains of Bacilli and Paenibacilli as well as two strains of Clostridia; six strains of Clostridia lacked homologs to genes recognized as involved in dipicolinic acid biosynthesis. Our results confirm dipicolinic acid production across different classes and families of Firmicutes. We find that members of Clostridium (cluster I) lack recognized dipicolinic acid biosynthesis genes and propose an alternate genetic pathway in these strains. Finally, we explore why the extent and mechanism of dipicolinic acid production in endospore-forming bacteria should be fully understood. We believe that understanding the mechanism by which dipicolinic acid is produced can expand the methods to utilize endospore-forming bacteria, such as novel bacterial strains added to products, for genes to create inputs for the polymer industry and to be better equipped to control contaminating spores in industrial processes.
ions within the endospore core. This complex binds free water 1 molecules causing dehydration of the spore. As a result, the heat 2 resistance of macromolecules within the core increases (Gerhardt 3 1989). In addition, the calcium-dipicolinic acid complex also func-4 tions to protect DNA from heat denaturation by inserting itself 5 between the nucleobases, thereby increasing the stability of DNA The major genera identified as endospore forming bacteria in- subtilis (Piggot and Hilbert 2004) . We therefore hypothesized that 31 strains capable of sporulating and previously classified as Bacillus, 32 such as Brevibacillus, Fontibacillus, Lysinibacillus, Rummeliibacillus, 33 and Terribacillus should produce DPA and contain the same set of 34 genes responsible for DPA synthesis in Bacilli.
35
Work by others has shown that members of the Clostridium sensu 36 stricto (cluster I) lack genes with significant homology to dpaAB In the present study, bacteria isolated from soil and a micro-63 bial product were taxonomically identified using 16S rRNA se-64 quence analyses. Presumptive endospore-forming bacteria were 65 then screened for DPA production in vitro. DPA detection was 66 followed by whole genome-sequencing to confirm taxonomic iden-67 tifications at the species-level and to examine whether known DPA 68 biosynthesis pathways were present.
69

MATERIALS AND METHODS
70
Strain Isolation and Initial Identification
71
All strains used were isolated from either bulk soil or from a sam-72 ple of HYT® A (Table S1 ) (Agrinos, https://agrinos.com). Strains 73 were then repeatedly streaked onto semi-solid media until iso-74 genic. Initial taxonomic classifications were made using 16S Table S1 contains a list of all strains used in this study, RFUs 8 measured using the terbium-DPA fluorescence assay, and DPA 9 biosynthesis gene copy-number for each strain. File S1 contains an 
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RESULTS
15
Of the 67 strains included in this study (Table S1) (Table S1) , and genome sequences revealed that all of these (Table S1) , and genome sequences revealed that two strains of 34 Clostridium aerotolerans possessed homologs to known DPA sythase 35 genes, dpaAB (Files S2 & S3). Genome sequences from the re-36 maining six Clostridia (Figure 3 , highlighted in red) did not have 37 detectable known dpaAB or etfA genes (Table 1) While the Clostridium (cluster I) strains lack the recognized DPA 43 biosynthesis genes, they all possess at least one copy of an iron-44 sulfur flavoprotein (Isf ) (File S4), and strains with more Isf copies 45 produced more DPA (Table 1) Here we have found that genera was a good predictor of DPA 7 production, and added experimental evidence to support the pro- Bacillaceae well suited for industrial processes and an untapped 41 well of biotechnology potential. 42 We have confirmed here that some Clostridia possess a DPA 43 synthase homolog. We have also confirmed that Clostridium (clus-44 ter I) do not possess a DPA synthase homolog. Unlike previous 45 findings, we were unable to identify etfA in our assayed Clostridium 46 (cluster I) strains. Despite the lack of dpaAB and etfA genes, these 47 strains were still able to produce detectable quantities of DPA. We propose the Isf gene product as an alternate pathway for 49 DPA-production in Clostridium (cluster I). This alternate biosynthe-50 sis pathway for DPA synthesis represents a new potential route for 51 bioengineering the production of DPA in other strains of bacteria 52 via the addition of a single gene to the lysine pathway, partic-53 ularly in anaerobes. Dipicolinic acid production has been engi-54 neered in bacterial strains using the traditional dpaAB genes (Zelder
